Insectivorous bats require different resources for diurnal roosting and nocturnal feeding, and sound conservation planning requires knowledge of both. However, ranging behavior and habitat use by foraging bats are poorly known, especially within urban ecosystems. We studied foraging flight behavior and use of an urban landscape by 14 white-striped free-tailed bats (Tadarida australis) in metropolitan Brisbane, Australia. Each evening, the bats emerged from day-roosts in tree-hollows and commuted rapidly to a feeding area (median travel speed 42.9 km/h, based on net distances moved during 10-20 min). Within 30 min from emergence their travel speed was greatly reduced (median 6.7 km/h) to a level that remained similar throughout subsequent hours while they foraged. Day-roosts were widely dispersed across the urban landscape, but foraging bats mostly restricted their movements to a localized area of a few kilometers diameter. This area was closer to a communal roost, visited periodically by all bats, than to their day-roosts (median distance from foraging bats to the communal roost 2.5 km; to their day-roosts 6.2 km). The bats showed a significant preference for foraging above floodplain habitat, and did not prefer to feed above remnant forest. T. australis appears tolerant of deforestation and capable of persisting in urban landscapes, provided that roost trees are protected. However, it remains unknown whether a sustained availability of aerial prey depends on floodplains remaining undeveloped.
As the global human population increases, urbanization is resulting in an increasing amount of change to wildlife habitat (Lunney and Burgin 2004; Williams 2003) . These changes often include clearing of native forest, accompanied by the creation of a new land-cover mosaic whose elements include developed areas, open grassy parkland, suburban gardens, and remnant forest patches. Insectivorous bats are an important, but frequently overlooked, component of terrestrial biodiversity (Barclay and Harder 2003) . In order to persist in humandominated landscapes, bats require suitable nocturnal feeding habitat that provides a supply of airborne insects, as well as suitable roost sites to provide daytime shelter (Racey and Entwistle 2003) . Many populations of bats have declined in urban areas (Guest et al. 2002) , for reasons that are poorly understood (Racey and Entwistle 2003) . In order to predict future trends in the distribution and abundance of bat species in the face of increasing urbanization, a better knowledge is needed of their preferences and requirements for particular habitat elements within the urban mosaic, as well as an understanding of the ranging and movement behaviors of bats during foraging.
Bats in the family Molossidae (free-tailed bats) are specialized aerial hawkers of high-flying insects (Vaughan 1966) . However, their foraging habitat requirements are poorly known, because their fast flight and high feeding altitudes (Bullen and McKenzie 2001; McKenzie et al. 2002; Norberg and Rayner 1987; Rhodes 1998 ) have made them difficult to study (Marques et al. 2004 ). The largest Australian molossid is the endemic white-striped free-tailed bat (Tadarida australis; 35-40 g). T. australis flies a fast, relatively straight path in search of highflying insects, and feeds predominantly on moths, beetles, and bugs (Bullen and McKenzie 2001; Rhodes 1998; Rhodes and Richards, in press; Vestjens and Hall 1977) . Previous work on the feeding ecology of this species has been limited to selective visual observations close to the ground (Bullen and McKenzie 2001; McKenzie et al. 2002; Rhodes 1998 ).
Here we report the results of a study that used radiotelemetry to quantitatively assess the flight, ranging behaviors, and choice of foraging habitat of T. australis within the urban landscape of Brisbane, Australia. We consider flight speeds, spatial locations of foraging bats, relationships between roost sites and foraging locations, and associations between foraging locations and ground-level habitat characteristics. Finally, we consider implications for the conservation of T. australis in urbanizing areas.
MATERIALS AND METHODS
Study area and species.-The study was conducted in metropolitan Brisbane (population 1.6 million, with an average annual growth of 2. 4%-Queensland Government 2004) , in subtropical coastal Australia. The region has a complex topography, supporting a varied patchwork of different native forest types (Catterall et al. 1997) . Since 1850, much forest has been converted to agricultural areas and human settlement. Larger tracts of native forest (.800 ha) still persist, but are uncommon in lowland areas (,160 m altitude -Catterall et al. 1997) . The lowlands today support a mosaic of suburbs, constructiondominated industrial and commercial precincts, grassy areas with scattered trees (including parklands, golf courses, and pastures), and small forest remnants (Catterall 2004; Catterall et al. 1998) .
We studied the foraging and roosting patterns of T. australis by radiotracking individuals belonging to 1 summer roosting group, and this revealed a network of roost trees distributed over an area of approximately 200 km 2 ( Fig. 1 ; see also . The roost network consisted of several day-roosts, each containing approximately 8 bats on average, and 1 major central roost (hereafter, communal roost) that had an average daytime roosting group size of 156 bats over 3 summer seasons. Although individual bats spent most days in separate day-roosts, they spent an average of 1 day in every 11 within the communal roost . The bats also visited the communal roost for varying time durations at night, with the result that individuals were recorded approximately twice as often at the communal roost during the night compared with the day (Rhodes 2007) . All roost trees were eucalypts (Eucalyptus and Corymbia), located in parklands, golf courses, pasture, and regrowth forest . The present paper reports foraging patterns of these same bats.
Captures and radiotracking.-We captured and tagged 14 bats from their communal roost tree, which was located in a suburban park (278309S, 1538319E). The park contained scattered large remnant trees; otherwise the area was covered by mown grass. Bats were captured with mist nets at dusk while exiting the roost. Radiotelemetry was carried out during 2 seasons: 11 March-1 April 2002 (6 bats) and 8 February-5 May 2003 (8 bats) . Bats were fitted with radiocollars that were designed to break open, because recapture was unlikely (Rhodes 2006) . All radiotagged bats were nonreproductive females, and transmitters used in both seasons represented 5.1% of the body mass of bats (Rhodes 2006) . Data from the 1st trapping night were excluded from all analyses to reduce bias due to effects of capture and handling. Capture and handling methods were approved by the Animal Ethics Committee of Griffith University and followed guidelines for the care and use of animals approved by the American Society of Mammalogists (Gannon et al. 2007 ). Those individuals not involved in the radiotracking study were released at the roost site immediately after processing.
Bats were tracked from 3 fixed telemetry stations on elevated positions (40-75 m above sea level; Fig. 1 ). Each station consisted of a 3-element, hand-held, unidirectional antenna (model AY/C Yagi Antenna; Titley Electronics, Ballina, New South Wales, Australia) and a Regal 2000 telemetry receiver (Titley Electronics). Tracking was conducted for 3-6 h per night, usually between sunset and midnight. The day-roost locations of each bat were known before measurements were taken of their nocturnal movements. After exiting a roost, individual bats typically spiraled upward in large circles (Rhodes 1998) , rapidly reaching sufficient heights to enable coordinated readings from all 3 tracking stations (Rhodes 2006) . With all 3 stations in use, we aimed to record bearings and signal strength for all bats every 10-20 min, using synchronized watches. Minor variations between stations in procedures and efficiency meant that the precise timing of recording positions for individual bats sometimes varied in practice, and radiofixes for particular bats were frequently more than 60 s apart across stations. On some nights only the permanent telemetry station located next to the communal roost was used, because of limits in available personnel.
Analysis of travel speeds, distances, and foraging locations. (hereafter, radiofixes) outside this range. These analyses were further restricted to cases where all 3 tracking stations were used, and also to cases where the records of a particular bat from different stations were separated by ,60 s (to minimize error due to the fast flight of these bats). For these spatially explicit data, 110 radiotracking nights were available, and resulted in a total of 461 bat-nights of radiotracking for the 11 bats. The average number of tracking nights per bat was 41 nights 6 8.7 SE (range: 11-88 nights).
We divided flights into 2 categories: commuting and foraging. Analyses of pilot data from bats radiotagged in 2001 revealed that they typically reached foraging sites within 30 min of emergence from day-roosts. Therefore data recorded within the first 30 min of emergence of bats are here considered to represent commuting flights. We measured commuting speeds for particular bat-nights using distances (in meters) between the day-roost and 1 randomly chosen commuting radiofix during this period, together with the time taken to travel between them (n ¼ 50 batnights of suitable data available, N ¼ 9 bats). Travel speeds during foraging (.30 min after emergence) were calculated from distances between 2 foraging fixes recorded 10-20 min apart (randomly chosen from available paired fixes for each bat-night) and the exact time elapsed between them (n ¼ 18, N ¼ 8).
To determine where bats foraged in relation to their day-roost locations we compared the distance between a randomly chosen foraging fix of a bat on a given night and its day-roost (n ¼ 21 bat-nights, N ¼ 8 bats) with the distance between the same foraging fix and the communal roost (n ¼ 21, N ¼ 8). To assess the fidelity of bats to a particular foraging area between versus within nights, we compared the distances between foraging fixes from 2 different nights (for the same bat; distance between nights foraging; n ¼ 13 bat-nights, N ¼ 8 bats) with the distances between fixes of particular bats obtained at different times within particular nights (distance within nights foraging; n ¼ 18, N ¼ 7).
Flight behaviors and directions in relation to the communal roost.-Data on the directional locations of a much larger number of bat-records than used for travel speeds and distances were collected at the permanent telemetry station located next to the communal roost. We used all directional radiofixes recorded from the 11 individuals bearing MD-2C transmitters, together with those from the 3 other bats tagged in 2002 (bearing LT-2 transmitters; Titley Electronics), which gave weaker signals. Observers at this telemetry station also could simultaneously record activities at the communal roost for all 14 tagged bats. Up to 25 radiofixes per bat per night were recorded. The overall tracking period per bat ranged between 2 and 88 nights. In 2002, a total of 277 radiofixes were recorded for 6 bats (3 with MD-2C and 3 with LT-2 transmitters) and in 2003 a total of 1,537 radiofixes for 8 bats (all with MD-2C transmitters). The total data set of 1,814 radiofixes for 14 bats consisted of 613 fixes during commuting and 1,201 fixes during foraging.
For each bat we calculated the percent of foraging flights during which it was recorded visiting the communal roost, and the percent of commuting flights involving visits to the communal roost. Visits to the communal roost were defined as any visit to the roost tree or its immediate vicinity. There were 74 visits recorded during foraging (23 in 2002 and 51 in 2003) and 108 during commuting (15 in 2002 and 93 in 2003) .
A season-long picture of the foraging direction used by each bat was constructed by scoring each radiofix during commuting and foraging flights within 108 intervals from the communal roost (0-108, 11-208, [. . .] , 351-3608), excluding the visits to the roost itself.
Landscape characteristics of feeding habitat.
-We analyzed environmental attributes of foraging areas to test whether T. australis preferentially foraged over any forms of land cover, using only precise triangulated radiotracking locations from the 11 bats with MD-2C transmitters. Radiofixes from the same bat that were ,10 min apart were excluded to maintain independence of samples. Each of the resulting 132 bat foraging locations was assessed with respect to 34 environmental variables: horizontal distance to the communal roost; 16 variables related to ground-level land-cover type; and 17 variables related to physical context, flood-proneness, and location within subcatchments.
The land-cover variables were scored using grids of 100 evenly spaced points within circles of radius 500 m or 1,000 m, centered around each bat radiofix, which were overlaid on an aerial photographs with topographic contours (1:25,000 topographic image maps-Queensland Government 1995). These radii were chosen because earlier studies found T. australis to travel at least 500 m/min (Bullen and McKenzie 2005) , and each point was counted twice to minimize counting errors. The 16 land-cover attributes were grass, scattered trees (single standing tree surrounded by grass), riparian vegetation (any type of vegetation growing along drainage lines, such as mangroves, trees, or grass), open water (Brisbane River, creek, lake, or dam), total native forest cover, native forest cover within differentsized remnant patches (,5 ha, 5-20 ha, 20-100 ha, or .100 ha), open woodland (areas of trees with no understory, due to thinning or grazing), residential developments (low-to highdensity housing), new urban developments (areas that were developed during or after radiotracking), industrial or business areas, roads, train lines, and bare ground (ground not covered by vegetation, such as in quarries).
The same topographic image map was used to measure, for each radiofix, distance to the Brisbane River (the main waterway), distance to the communal roost, elevation (to the nearest 5 m), and presence or absence of fixes within the Brisbane River catchment area or creek subcatchments (lateral tributaries to the Brisbane River). Flood-proneness was assessed using the Flood Map of Brisbane and Suburbs (Cityplan 2000; Brisbane City Council, Brisbane, Queensland, Australia), which delineated the extent of major floods since 1841 and showed areas subject to inundation for flood heights up to 10 m. A radiofix anywhere within this zone was recorded as over a floodinundated area. Each bat radiofix was also assigned to 1 of 13 mapped water catchment areas (Strategy Plan for the Management of Brisbane Waterways, Volume 2-Drawings: Catchment and Planning Units; April 1990, Brisbane City Council, Brisbane, Queensland, Australia).
To determine if the foraging areas of bats were randomly associated with land-cover types and landscape characteristics the habitat attribute values of radiofixes were compared with those of a set of 132 random spatial locations, based on coordinates derived from random numbers (Microsoft Excel 97-SR1; Microsoft Corp., Santa Rosa, California), which were constrained to lie within the same geographical study area as the radiofixes (Fig. 1) .
Statistical analyses.-Because many data sets were not normally distributed (Wilk-Shapiro statistics, W), MannWhitney U-tests (Zar 1999) were used to compare travel speeds and distances, and to determine whether bat radiofixes and random locations differed with respect to particular landscape variables. N refers to the population number (e.g., number of animals), whereas n describes the sample size (e.g., number of bat measurements). Significance was assessed at an alpha of 0.05. Results are presented as mean or median 6 SE. Analyses were performed using STATISTICA 4.5 for Windows 97 (StatSoft, Tulsa, Oklahoma). The multivariate difference in habitat characteristics between the 2 a priori groups, bat radiofixes and random locations, also was compared using analysis of similarity (ANOSIM and SIMPER in PRIMER softwareClarke and Warwick 2001).
RESULTS
Travel speeds and distances.-During commuting, the bats flew very fast in a relatively straight line. They commuted at a median speed of 42.9 km/h 6 2.5 SE and covered a median distance of 5.6 6 0.4 km in 10-20 min (Table 1) . Commuting travel speeds of more than 60 km/h were confirmed by following tagged bats with a car, a hand-held, unidirectional antenna, and a telemetry receiver. Once the bats reached their feeding sites, they flew in large zigzags and their foraging travel speeds (net displacement during 10-20 min of foraging) showed a significant decrease, to a median of 6.7 6 1.1 km/h, which remained constant thereafter ( Fig. 2; Table 1 ).
Although bats roosted predominantly in day-roosts away from the communal roost, foraging sites were located significantly closer to the communal roost (median 2.5 km, maximum 6.8 km; Table 1 ) than to their day-roosts (median 6.2 km, maximum 11 km). Compared with the distances traveled during commuting, the bats tended to concentrate their foraging in comparatively small areas. The median distance moved between different fixes within a night was 1.6 km (maximum 4.7 km), which did not differ significantly from the distance between foraging radiofixes across different nights (median 2.1 km, maximum 11.4 km). The median net distance moved (2.1 km) also remained relatively constant regardless of how many nights had elapsed between radiofixes (3-26 days; Table 1 ).
Flight directions in relation to the communal roost.-Bats visited the communal roost frequently during their nighttime activities, and this occurred significantly more often during commuting than during foraging (the mean percentage of commuting radiofixes involving visits to the roost was 18% across bats, compared with 6% for foraging radiofixes; Table 1 ). Only 1 bat was never recorded at the communal roost at night (although it was recorded there during the day).
We recorded radiofixes of commuting bats at similar frequencies from all directions relative to the communal roost (Fig. 3) . In contrast, during foraging flights the majority of radiofixes were located at 220-3008, and this pattern was the same for both radiotracking seasons (Fig. 3) . Commuting and foraging flight directions, and flight paths based on precise radiofixes within 1 selected night, are shown in Fig. 4 for the same 2 bats. During commuting most radiofixes were in the direction of the day-roosts (DR; Fig. 4b ). In comparison, most foraging radiofixes were located in areas east to southeast of the communal roost (CR) at directions of 200-3008 (Fig. 4b) . These are typical patterns across all bat-nights.
-The multivariate characteristics of the ground-level habitat beneath the radiofixes of foraging bats differed significantly from those beneath randomly generated locations (n ¼ 132, 132; ANOSIM R ¼ 0.05, P ¼ 0.001). Similarity percentages (from SIMPERClarke and Warwick 2001) were calculated to indicate the variables that contributed most to the multivariate dissimilarity between locations of bats and random locations. These were distance to the communal roost (42% of between-group dissimilarity), distance to the Brisbane River (36%), and distance to the nearest drainage line (Brisbane River or creek catchments; 12%). These variables also showed strong univariate differences between locations and random points (Table 2) .
Overall, most radiofixes were located in the occasionally inundated and grass-dominated floodplain of the Brisbane River, close to the communal roost (Table 2 ). These areas had been cleared of native vegetation for grazing and agriculture, but subsequently had remained largely undeveloped because of the high flood risk, and their grassland was maintained by human management (grazing and mowing). In contrast, the foraging bats were relatively insensitive to the presence of remnant native forest; for most measures of forest cover there was no significant difference in occurrence between radiofixes of bats and random locations ( Table 2 ). The sole exception was an apparent association between locations and very small forest patches, which may simply reflect the more fragmented nature of the remnant vegetation in the lowland floodplains. Although there were no detectable differences between radiofixes of bats and random locations in the percent of land occupied by residential development, the bats seemed to avoid areas with a high percentage of roads and prefer areas with more railway lines (Table 2) , although this may likewise simply reflect a lower density of roads, and a higher density of railway lines, in the floodplain areas.
DISCUSSION
Relationships between foraging, travel, and roosting behaviors.-Our study is the 1st to investigate spatial foraging behavior and habitat use at a landscape scale by radiotagged molossids within an urban environment. Previous studies of spatial foraging patterns by molossid bats in areas of human settlement have measured activity of bats with sound recordings (Avila-Flores and Fenton 2005; Carmel and Safriel 1998; Hourigan et al. 2006; Lee and McCracken 2002) , a method that does not enable the assessment of individual movements.
The fast travel speeds of most molossids enables them to range over long distances (Norberg and Rayner 1987) . In the present our study, individual T. australis traveled up to 20 km to reach their feeding areas, at median speeds of more than 40 km/h. Median speeds of 30 km/h have been reported from hand-released T. australis in Western Australia (Bullen and McKenzie 2005) . Based on its wing morphology, the predicted maximum travel speed for T. australis (V mr , where the cost of transport is least and the bat is able to cover the biggest air distance for available energy- Bullen and McKenzie 2001; Norberg and Rayner 1987; Rhodes 1998 ) would be 20.4 km/h, which is considerably less than the observed commuting speeds in our study. Similarly, Marques et al. (2004) found that the European molossid Tadarida teniotis flew to foraging areas at an observed median speed of 50 km/h, 2.5 times its predicted maximum speed based on morphology. This suggests that predictions based on morphology underestimate the speed capabilities of fast-flying bats.
Because of this capacity for long-distance travel, a remarkable feature of the ranging behaviors of T. australis in Brisbane was the unexpected localization of the foraging ranges of individuals. Most foraging occurred within an area a few kilometers in diameter, located approximately 3 km from the communal roost. Furthermore, the bats foraged closer to the communal roost than to their daytime roosts, and frequently visited the communal roost during their nighttime activities. It therefore seems likely that minimizing the flight distance between the foraging area and the communal roost was a factor affecting either their choice of feeding area or their choice of the roost site. The communal roost has a central role in the spatial and social organization of this population of T. australis (Rhodes 2007; , and our study has shown that influence of the communal roost also extends to the feeding ecology of this species. Such relationships have rarely been investigated for any species of bat, although de Jong (1994) reported that northern bats (Eptesicus nilsonii), foraged close to their central day-roost site when insect abundance was high.
It seems paradoxical that individual T. australis commuted large distances from their day-roosts to reach their feeding sites when they could (and sometimes did) spend the day in the communal roost. They may have avoided roosting in a large social group because doing so could increase their risk of predation (Fenton et al. 1994) or disease (Messenger et al. 2003) . Regular nocturnal visits to the communal roost by bats that typically roost apart could then provide a means of sharing information, either about alternative roost sites (as suggested for other fission-fusion bat societies- Kerth et al. 2006 ), or about feeding sites (Wilkinson 1992 (Wilkinson , 1995 Wilkinson and Boughman 1998) . For example, bats 13, 14, and 16 were recorded foraging on more than 1 occasion over the same area at the same time, despite all 3 bats having emerged from different day-roosts. However, to test these ideas it requires further study into the patterns of association among individuals in relation to feeding and roost sites. Habitat use and the impact of urbanization.-When foraging, T. australis is notable for its fast, straight-line interception of prey (Bullen and McKenzie 2004; McKenzie et al. 2002) . Such feeding behaviors are only feasible in unobstructed air spaces well above the tallest trees or other structures (Churchill 1998) . Because molossids travel high and fast, they might not be expected to show preferences for specific ground-level habitat features. However, the observed foraging behavior of T. australis in urban Brisbane was significantly associated with the nature of the ground-level habitat, with the bats preferring to forage over a floodplain area, which was offset to 1 side of the communal roost. The communal roost also was close to areas of other habitat types, especially urban development and remnant forest on hilly land, but these habitats were used less frequently in relation to their availability.
In a northern Australian city, Hourigan et al. (2006) found that foraging individuals of T. australis were recorded at highest density over grassland with sparse trees (such as golf courses), compared with lower densities over riparian areas, new urban developments, and suburbs established 20-50 years before their study. However, T. australis was absent from woodlands and landscaped gardens (e.g., botanical garden). In Brisbane, the floodplains of the Brisbane River are surrounded by medium-to high-density housing developments interspersed with small forest remnants and grassy golf courses, and the bats in our study frequently foraged over these areas even though they showed a clear preference for the floodplains.
Other molossids with similar ecology to T. australis also have been recorded foraging over a range of habitats, often including human-modified areas associated with urban and rural land uses. For example, T. brasiliensis has been recorded foraging over large parks and illuminated areas in cities and rural towns (Avila-Flores and Fenton 2005; Lee and McCracken 2002) and T. teniotis has been recorded foraging high above scrub and woodland vegetation, open water, and rural settlements (Carmel and Safriel 1998; Marques et al. 2004) .
It is unclear whether T. australis in Brisbane preferred the floodplain feeding area because it provided a relatively high density of insect prey or for other unknown reasons. Assuming the former, a high prey density could occur either because of local productivity at ground level, or because the insects that had been produced elsewhere in the landscape congregated (actively or passively) above the Brisbane River floodplain. Lee and McCracken (2002) found that T. brasiliensis, which feeds on insects at heights of up to 1,200 m (McCracken et al. 1997) , had the same spectrum of insect families in its fecal pellets as were found in ground-level insect traps, suggesting that prey availability might be correlated between ground-level and higher altitudes. The links between ground-level habitat, aerial insect availability, and the diet and foraging behavior of bats merit further investigation. a Nonsignificant variables included scattered trees (500/1,000 m), total forest cover (500/1,000 m), forest patch 5-20 ha (1,000 m), forest patch 20-100 ha (500/1,000 m), forest patch . 100 ha (500/1,000 m), woodland (500/1,000 m), residential developments (500/1,000 m), new developments (500/1,000 m), industrial areas (500/1,000 m), bare ground (500/1,000 m), altitude, and distance to nearest drainage line (see text for more details).
b Total grass cover. c Distance to communal roost (CR). d Presence or absence of radiofixes or random fixes in the Brisbane River catchment area. e Presence or absence of radiofixes or random fixes in any of the creek catchments, which are tributaries to the Brisbane River.
The observed pattern of habitat use, in which T. australis foraged extensively over unforested areas in Brisbane but showed no association with remnant forest, suggests that this species is resilient to the effects of deforestation. T. australis has a wide geographical range within Australia, including native habitats of open forest and grassland (Churchill 1998; Rhodes and Richards, in press; Richards 1995) . In coastal areas such as the Brisbane region, the species may even have benefited from the clearing of dense native forest and its conversion to pasture and open woodland, if these provided a better supply of aerial insects. However, the replacement of the latter habitats by extensive urban development (in which a large part of the ground is covered by impervious surfaces) could reduce insect productivity, and hence the food supply for bats. An estimated one-fourth of the foraging area of bats during our study comprised new urban developments in progress, with many of these areas located near the Brisbane River.
The maintenance of populations of bats also depends on the availability of roosts (Kunz and Lumsden 2003; Racey and Entwistle 2003) . In Brisbane, T. australis roosts mainly in hollows of large old or dead eucalypts (Rhodes and WardellJohnson 2006) . These roost sites are progressively being removed by ongoing clearing for urban development, and through tree-lopping in existing urban areas because of concerns for public safety. Both the security of food sources and the protection of roost sites need attention if the current abundance of T. australis in urban environments is to be sustained.
